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1 .  INTRODUCTION 


Thomson  scattering  has  been  shown  to  be  capable  of  measuring,  on  a 
spatially  and  temporally  resolved  basis,  both  electron  concentrations  and 
temperatures  in  plasmas  of  various  kinds  [1,2].  In  a  companion  paper  [3], 
we  reveal  how  a  new  multichannel  instrument  for  performing  Thomson- 
scattering  measurements  can  help  unravel  the  many  and  complex  processes  that 
occur  in  the  analytical  inductively  coupled  plasma  (ICP).  Here,  we  will 
outline  in  detail  the  considerations  that  led  to  the  development  of  the 
multichannel  system,  describe  its  design  and  construction,  and  assess  its 
performance . 

The  new  instrument  was  designed  when  the  shortcomings  of  an  earlier 
single -channel  system  [4,5]  were  realized.  This  earlier  unit  was  proven 
capable  of  minimizing  stray- light  problems  and  of  producing  usable  Thomson- 
scnttering  spectra.  However,  the  use  of  a  relatively  low  repetition- rate 
laser  source  required  data-collection  times  that  were  excessively  long. 
During  the  long  periods  required  for  acquisition  of  a  single  Thomson 
spectrum,  ICP  drift  occurred  and  rendered  the  resulting  data  interpretation 
suspect.  As  a  consequence,  values  for  both  electron  number  density 
(concentration)  and  temperature  could  be  considered  only  approximate. 

The  new  instrument  to  be  described  here  alleviates  these  difficulties. 
It  possesses  a  multichannel  read-out  system  so  a  complete  Thomson- scattering 
spectrum  can  be  acquired  at  once.  Also,  photodetector  fatigue  is  overcome 
through  use  of  a  rotating-mirrored  chopper  which  permits  each  detector  in 
the  multichannel  array  to  view  the  ICP  for  only  the  brief  period  during 
which  the  Thomson  signal  is  generated.  Finally,  a  bank  of  gated  integrators 
samples  the  signals  from  individual  photodetectors  for  just  that  time  when 
the  detectors  are  receiving  Thomson- scattered  light. 


At  the  heart  of  the  new  device  is  a  fiber-optic  array  placed  at  the 
focal  plane  of  the  Thomson  spectrometer.  Specially  fabricated  for  this 
application,  the  array  simultaneously  collects  radiation  from  25  discrete 
wavelengths  across  the  Thomson  spectrum  and  carries  the  light  to  a  group  of 
13  individual  photomultipliers.  One  of  the  detectors  views  the  incident 
laser  wavelength  and  thus  records  Rayleigh  scattering;  the  other  12  channels 
register  one  half  of  a  Thomson  spectrum.  Through  manipulation  of  a  set  of 
shutters  incorporated  into  the  photodector  housing,  one  can  elect  to  monitor 
either  side  (red-  or  blue-shifted)  of  the  spectrum,  or  to  fold  the  two 
halves  in  order  to  increase  signal-to-noise  ratios. 

The  new  instrument  is  found  to  have  stray-light  rejection  capabilities 
similar  to  its  single -channel  counterpart.  Also,  the  ability  to  acquire 
Thomson  spectra  rapidly  makes  the  new  device  much  less  susceptible  to  drift 
in  the  electronic,  optical,  or  plasma  components.  However,  greatest 
uncertainty  in  a  scattering  spectrum  occurs  in  the  wings,  where  the 
influence  on  electron  temperatures  is  greatest.  Consequently,  values  for 
electron  temperature  are  still  less  reliable  than  is  desired,  although 
electron-concentration  measurements  are  judged  to  be  acceptable.  Precision 
in  the  wings  of  the  Thomson  spectrum  appears  to  be  limited  by  photon 
statistics . 

2 .  EXPERIMENTAL 

2.1  Similarities  with  the  Single -channel  Instrument 

A  block  diagram  of  the  multi-channel  instrument  is  shown  in  Fig. 

1.  This  figure  helps  clarify  the  interrelationship  of  the  many 
components  of  this  scattering  system,  and  displays  the  135°  scattering 
geometry.  The  instrumental  geometry  and  many  hardware  portions  of  the 


system  are  similar  or  identical  to  those  of  the  single -channel 
arrangement  [4,5].  Specifically,  the  scattering  geometry,  the  Q- 
switched  ruby  laser,  focusing  optics  and  beam  stops,  the  beam  dumps, 
viewing  dump  and  torchbox  construction  are  the  same  as  earlier.  Details 
on  this  system  can  be  found  elsewhere  [4];  however,  a  brief  review  is 
warranted  here. 

A  Q-switched  ruby  laser  (model  K1  laser  head  and  model  KQS2  Q- 
switch,  Korad  Division  of  Hadron,  Inc.,  Santa  Monica,  CA)  with  an  output 
power  of  approximately  20  MW  (0.5  joules/pulse)  provides  the  incident 
25-ns  light  pulse  at  694.3  nm.  A  vertical  laser  polarization  was 
selected  to  maximize  the  scattering  signal.  The  laser  beam  is  focused 
by  a  two-lens  optical  system.  The  first  lens  focuses  the  laser  to  a 
0.4 -mm  spot  at  a  pinhole  stop.  The  second  lens  images  this  spot  into 
the  plasma.  With  this  arrangement,  the  laser  beam  is  focused  to  a  1.3- 
mm  zone  in  the  plasma,  a  dimension  which  determines  the  spatial 
resolution  of  the  system. 

A  series  of  beam  stops  is  arranged  along  the  laser  path  to  reduce 
stray  light.  After  passing  through  the  plasma  and  beam  stops,  the  laser 
is  attenuated  by  two  beam  dumps.  Inside  the  torch  box,  a  viewing  dump 
is  placed  across  the  plasma  from  the  detection  optics  in  an  effort  to 
reduce  the  stray  light  that  enters  the  detection  system. 

The  following  criteria  were  considered  when  the  scattering  geometry 
was  selected.  First,  the  width  of  the  Thomson- scattering  spectrum 
depends  on  the  scattering  angle;  the  larger  the  angle,  the  broader  the 
scattering  spectrum  for  a  given  electron-velocity  distribution.  In 
addition,  the  scattering  parameter  n  is  inversely  related  to  sin(0/2) 
win- re  8  is  the  scattering  angle.  it  is  best  to  minimize  a  so  the 
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scattering  spectrum  is  more  Gaussian  in  shape  (assuming  the  electron 
velocity  is  Maxwellian).  This  change  in  the  scattering  spectrum  is 
actually  related  to  how  "free"  the  electrons  which  produce  the 
scattering  signal  are.  For  details  on  this  point,  see  SHEFFIELD  [1], 
Overall,  then,  one  wishes  to  maximize  the  scattering  angle.  The  135° 
scattering  angle  chosen  here  is  a  good  compromise;  at  this  large  angle 
most  of  the  spectral  width  and  shape  advantages  are  achieved,  and 
instrument  crowding  is  reduced. 

2.2  Unique  Features  of  the  New  Multi-channel  System 

The  major  differences  between  this  multi-channel  Thomson-scatter i ng 
instrument  and  its  single -channel  predecessor  are  related  to  the  multi  - 
channel  detection  system.  Other  additions  include  a  rotating-mirror 
opt ioal  chopper  which  provides  temporal  gating  of  ICP  background 
radiation  in  order  bettor  to  protect  the  photo-detectors  from  saturation 
or  damage,  and  an  x-z  translation  stage  which  allows  selection  of  the 
probe  volume,  and  thus  spatial  mapping  of  Thomson- scattering 
measurements.  This  x-z  stage  translates  the  torch  housing  and 
impedance -matching  assembly  both  along  the  laser-beam  axis  for  radial 
mapping  of  the  ICP  and  vertically  for  height  profiling  of  the  Thomson- 
scattering  measurements. 

The  multi-channel  detection  system,  discussed  in  detail  below, 
segregates  the  dispersed  signal  at  the  exit  plane  of  the  spectrometer 
and  simultaneously  measures  the  entire  Thomson-scattering  spectrum.  The 


chopper  assembly,  its  associated  timing  electronics,  and  the  three  main 
sections  of  the  multi-channel  detection  system  (i.e.,  fiber-optic  array, 


photomultiplier  housings  and  detection  electronics)  will  be  described 
separately. 

2 . 3  Chopper  Assembly 

A  rotating-mirror  assembly  temporally  gates  the  image  of  the  ICP  in 
order  to  protect  the  high-gain  photomultipliers  from  otherwise  excessive 
photocurrents.  In  earlier  work,  it  was  found  that  even  a  2-ms  optical 
gate  produced  by  a  mechanical  camera  shutter  permitted  ICP  background 
emission  to  send  the  PMT  into  a  nonlinear  response  region  [5].  With 
the  present  chopper  design,  the  period  during  which  a  PMT  views  the  ICP 
has  been  reduced  by  nearly  two  orders  of  magnitude  to  25  ps .  This 
shortened  exposure  lessens  the  likelihood  of  depleting  the  charge  in  the 
TMT  dynode  chain,  so  dynode  voltages  remain  stable  and  the  gains  of  the 
l  ubes  an*  stabilized.  The  rot  at ing-mi rror  arrangement  was  selected  over 
other  approaches  (e.g.  electro-optical  devices  or  fast  electronic  camera 
shutters)  because  of  its  ability  to  provide  high  throughput  (90%),  large 
aperture  (f/5),  and  relatively  short  temporal  gate  widths  (25  ns).  Also 
unlike  electronic  gating  of  the  PMT  supply  voltage,  the  rotating  mirror 
ensures  that  all  channels  receive  the  same  gate  simultaneously. 

Figure  2  shows  a  simplified  diagram  of  the  rotating-mirror 
assembly.  The  chopper  consists  of  a  10  x  10-cm  flat,  front-surface 
pro tec ted -aluminum  mirror  (Melles  Griot,  Irvine,  CA)  which  is  rotated  at 
3600  rpm  (60  Hz)  by  a  1/16  hp  synchronous  AC  motor.  The  mirror  rotates 
in  t  tie  coll i ma ( ion  region  between  two  25-cm  focal  -  length  lenses  (Oriel 
Oorp.,  Stratford,  CT) .  The  optical  axes  of  these  lenses  lie  in  the 
plane  of  rotation  of  t lie  mirror  and  are  displaced  from  each  other  by  65 
degrees  in  I  li.it  plane.  The  image  of  the  plasma,  which  is  collimated  by 


8 


the  first  lens  and  focused  upon  the  entrance  slit  of  the  monochromator 
by  the  second  lens,  is  swept  past  the  entrance  slit  at  a  linear 
displacement  velocity  of  1.9  x  104  cm/s.  Therefore,  the  20-mm  diameter 
plasma  image  passes  the  entrance  slit  in  about  100  /is.  An  aperture  is 
positioned  in  front  of  the  plasma  so  only  about  a  5 -mm  region  of  the 
discharge  is  observed;  the  optical  gate  is  therefore  effectively  about 
25  /is . 

The  rotating  mirror  is  housed  in  a  vacuum  chamber  to  reduce  air 
resistance  and  (even  more  importantly)  to  protect  the  mirror  from 
atmospheric  dust  and  oil  vapor.  In  order  to  minimize  the  number  of 
optical  surfaces  and  resulting  light  losses,  the  collimating  and 
focusing  lenses  serve  also  as  windows  for  this  vacuum  chamber. 

The  chopper  housing  is  vertically  partitioned  into  two  sections  by 
a  light  baffle.  The  scattered  radiation  transverses  the  lower  section, 
while  the  upper  part  encloses  the  reflected  beam  of  a  He/Ne  timing  laser 
(Melles  Griot,  Irvine,  CA) .  This  segregation  reduces  the  chances  that  stray 
light  from  the  He/Ne  laser  will  be  scattered  into  the  detection  optics  where 
it  could  be  observed  as  stray  light.  The  rotating  mirror  occupies  both 
vertical  sections  so  the  timing  and  signal  beams  coincide  in  time. 

In  the  upper  or  timing  section  of  the  vacuum  chamber,  two  windows 
are  positioned  so  reflected  light  from  the  timing  laser  falls 
successively  on  two  optical  fibers  as  the  mirror  rotates.  The  first,  of 
these  fibers  carries  the  He/Ne  light  to  a  photodiode  which  triggers  the 
flash  lamp  of  the  ruby  laser;  light  from  the  second  fiber  is  used  to 
trigger  the  Q-switch  of  the  ruby  laser.  Micrometer  adjustments  locate 
the  position  of  both  fibers  to  allow  accurate  and  precise  timing  of 
these  signals  with  respect  to  the  mirror  movement.  When  these  adjustments 


are  properly  made,  they  guarantee  that  the  laser  fires  exactly  when  the 
mirror  is  in  position  to  direct  the  image  of  the  ICP  into  the  entrance  slit 
of  the  multichannel  spectrometer  (see  following  section  for  details). 

An  additional  design  feature  of  this  rotating-mirror  assembly  is 
the  existence  of  an  enclosed  collimated- light  region  between  the 
detection  lenses  in  which  auxiliary  optical  components  such  as 
polarizers,  filters,  and  field  stops  can  be  placed.  For  example,  a  mica 
half-wave  retardation  plate  (Melles  Griot,  Irvine,  Ca)  is  placed  in  this 
region  to  rotate  the  vertically  polarized  scattered  radiation  into  the 
horizontal  plane;  the  efficiency  of  the  monochromator  at  700  nm  for 
horizontally  polarized  light  is  much  greater  than  for  vertically 
polarized  radiation.  Additionally,  the  chopper  assembly  is  anodized 
black  to  reduce  stray  light  and  multiple  reflections  of  the  timing 
I  a. so r . 


2.4  Laser  Timing 

A  2.5-cm  mechanical  camera  shutter  ( Synchro -Compur,  Germany)  is 
positioned  in  front  of  the  monochromator  entrance  slit.  This  mechanical 
shutter  is  opened  for  1/15  s  (about  4  revolutions  of  the  mirror)  when 
the  laser  is  to  be  fired.  Besides  providing  additional  protection  for 
the  PMT's,  the  "X-sync"  output  of  this  shutter  is  used  to  trigger  the 
electronic  timing  sequence  for  firing  the  ruby  laser. 

The  timing  diagram  in  Fig.  3  clarifies  this  sequence.  Once  the 
camera  shutter  "X-sync"  output  has  been  triggered,  the  flnshlamp  is 
fired  on  the  next  pulse  from  the  flashlamp-synchronization  photodiode 
(Fig.  3,  trace  C)  when  it  receives  a  signal  from  its  optical  fiber.  Any 
previous  pulses  from  (lie  flashlamp-synchronization  photodiode  are  ignored, 
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and  any  Q-switch-trigger  photodiode  pulses  which  precede  the  flash-lamp  gate 
are  also  ignored.  After  the  flashlamp  gate,  however,  the  next  pulse  from 
the  Q-switch  synchronization  photodiode  (Fig.  3,  traces  D  and  D’)  triggers 
the  laser. 


Two  sequential  TTL  output  pulses  are  produced  by  the  timing 
electronics.  The  first  pulse  is  coincident  with  the  laser  pulse,  and 
the  second  with  the  Q-switch  photodiode  pulse  (Fig.  3,  trace  D)  on  the 
following  mirror  rotation  (no  laser  firing  accompanies  this  second  TTL 
pulse).  The  gated  integrators  in  the  multi-channel  detection 
electronics  are  triggered  by  these  timing  pulses  for  signal  (Fj  in 
Fig.  3)  and  background  (F2  in  Fig.  3)  measurements,  respectively. 

A  schematic  diagram  of  the  timing  circuit  which  controls  the  above 
sequence  is  shown  in  Fig.  4.  In  this  diagram,  D2  and  D3  are  the 
synchronization  photodiodes  which  receive  the  timing  pulses  from  their 
respective  optical  libers  to  control  the  liashlamp  and  Q-switch 
triggering,  respectively.  Transistors  T1  and  T2  amplify  the  pulses  from 
photodiodes  D2  and  D1 ,  respectively.  The  signals  from  T1  and  T2 
correspond  to  the  flash-lamp  gate  and  Q-switch  gate  (traces  C  and  D)  in 
Fig.  3.  The  Schmitt- trigger  inverters  which  follow  T1  and  T2  provide 
precise  triggering  pulses.  The  dual  J-K  flip-flops  Z1  and  Z2  (shaded) 
control  the  logical  sequence  of  events;  the  "X-sync"  input  allows  the 
flashlamp  trigger  to  occur  which  in  turn  allows  the  Q-switch  trigger  to 
be  produced.  Transistor  T4  produces  a  momentary  short  across  output  B7, 


which  fires  the  ruby-laser  flashlamp,  and  transistor  T6  produces  a 


7’>-M)  /is  30-V  spike  at  output  B6  to  fire  the  laser  Q-switch. 


Outputs  R?  and  IVi  provide  the  TTL  logic  pulses  for  external 
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switch  firing,  respectively.  For  example,  the  gated  integrators  are 
held  in  reset  status  by  the  controlling  microprocessor  until  the  flash 
lamp  is  fired.  The  flash- lamp  timing  pulse  at  B2  is  used  to  determine 
when  to  release  this  reset  status.  Output  B5  is  the  "gate"  signal  and 
is  used  to  trigger  the  gate  delay  modules  which  produce  the  integrator 
gates  (the  gate  delay  modules  will  be  described  later).  Output  B3 
provides  a  pulse  coincident  with  the  Q-switch  photodiode  pulse  on  every 
mirror  rotation.  This  signal  is  used  as  a  monitoring  point  during 
timing  alignment  and  is  unused  during  normal  system  operation.  Either 
TTL  input  B1  or  manual  switch  SI  can  be  used  to  reset  the  timing 
electronics  for  another  laser  firing  sequence. 

When  the  calibration  switch  S2  is  in  the  on  position  (shorted  to 
ground) ,  monostables  Z3  and  Z4  produce  the  synchronized  calibration 
pulse  which  fires  the  red  light-emitting  diode  D4  used  to  normalize  the 
responses  of  the  channels  in  the  detection  system.  (Transistor  T5 
produces  the  current  pulse  to  drive  D4.)  The  first  monostable  Z3  is 
used  to  delay  the  pulse  to  the  calibration  LF.D  D4  so  the  timing  of  this 
light  pulse  is  similar  to  that  of  the  ruby- laser  pulse.  This  delay  is 
necessary  because  the  external  laser-firing  circuit  produces  about  a 
600-700  ns  delay  after  the  Q-switch  trigger  and  before  the  actual  laser 
pulse.  The  second  monostable  Z4  is  adjusted  to  the  desired  pulse  width 
(400  ns)  of  the  calibration  LED. 

This  calibration  sequence  occurs  repeatedly  at  the  rate  of  the 
mirror  rotation  (60  Hz)  while  S2  is  in  the  calibration  position.  In 
addition,  the  flashlamp  and  Q-switch  synchronization  pulses  at  B2  and  B4 
occur  continuously  as  well;  as  a  result,  the  detection  electronics  can 
.irruimil.il  e  a  number  ol  l.l;.l>  pulses  loi  improved  norma  I  i  zat  i  on  precision. 


2.5  Fiber-Optic  Array 

The  heart  of  the  multi-channel  detection  system  is  a  25-channel 
fiber-optic  array.  This  array,  one  end  of  which  is  mounted  at  the  focnl 
plane  of  the  spectrometer,  provides  simultaneous  multi-channel 
wavelength  measurement.  A  drawing  of  the  array  is  shown  in  Fig.  5. 

The  array  was  manufactured  to  specifications  by  Incon  Inc.,  Southbridge, 
MA.  Each  channel  is  composed  of  a  2-mm  wide  by  5-mm  high  rectangular 
bundle  of  25-fim  glass  fibers,  and  leads  to  a  fiber  cable  (pigtail)  of 
circular  cross  section  and  2  m  length.  The  far  ends  of  the  pigtails 
have  connectors  which  mate  with  the  multi-channel  photomultiplier- tube 
housings.  Adjoining  channels  are  separated  in  the  array  by  0.5  mm 
spacers.  With  the  linear  dispersion  of  the  J-Y  monochromator  at  700  nm 
being  0.18  nm/mm,  the  spectral  bandpass  of  each  bundle  is  0.36  nm.  The 
center- to-center  channel  spacing  of  2.5  mm  provides  an  overall  channel 
resolution  of  about  0.45  nm.  The  mount  which  holds  the  array  at  the 
focal  plane  of  the  monochromator  has  adjustments  which  allow  it  to  be 
accurately  positioned  so  the  focus,  wavelength  calibration,  and  tilt  of 
the  array  can  be  established  easily. 

The  center  channel  of  the  array  (channel  13)  is  nominally 
positioned  at  the  laser- line  wavelength.  With  this  arrangement,  the 
array  then  provides  information  on  spectral  shifts  of  up  to  +/-  5.4  nm 
from  this  central  wavelength.  Figure  6  shows  how  the  channels 
correspond  to  wavelength  location  on  a  hypothetical  Thomson-scattering 
spectrum.  The  signals  from  those  pairs  of  channels  which  are 
symmetrically  located  about  the  center  channel  (e.g.  channels  12  &  14 
and  1  &  25)  are  directed  to  the  same  photodetector.  Because  the 
Thomson -scattering  spectrum  should  be  nearly  symmetrical,  this  approach 
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doubles  the  detected  signal.  To  verify  this  symmetry,  shutters  located 
at  each  PMT  housing  permit  each  of  the  two  channels  that  feed  it  to  be 
examined  separately. 

2.6  Multi-channel  Photomultiplier  Tube  Housings 

Each  output  pigtail  from  the  fiber-optic  array  is  connected  to  one 
of  two  seven-channel  photomultiplier-tube  housings.  A  drawing  of  one  of 
these  housings  is  presented  in  Fig.  7.  The  PMT  in  the  first  position 
(on  the  left  in  Fig.  7a)  is  used  for  channel  13.  This  channel, 
stationed  at  the  laser  wavelength,  is  used  to  monitor  the  Rayleigh- 
scattering  intensity.  For  this  reason,  it  is  provided  with  attenuators 
to  protect  it  from  the  intense  Rayleigh  scattering.  This  protection  is 
effected  by  a  slide  selector  which  can  position  either  of  two  neutral - 
density  filters  between  the  output  of  the  fiber  bundle  and  the  PMT.  The 
filters  that  are  ordinarily  used  have  optical  densities  of  1.0  and  2.0 
(Melles  Griot,  Irvine,  CA) .  This  first  channel  (tube  0)  in  one  of  the 
two  multi-PMT  housings  is  not  utilized  since  only  one  fiber  bundle  is  at 
the  laser  wavelength  and  only  13  channels  are  required. 

The  remaining  six  channels  in  each  of  the  PMT  housings  are  used  for 
detecting  the  Doppler- shifted  Thomson  scattering.  As  described  above, 
symmetrically  located  pairs  of  channels  in  the  fiber  array  are  directed 
to  the  same  PMT.  As  shown  in  Fig.  7a,  shutters  on  tubes  1  through  6 
can  be  used  to  select  the  top  or  bottom  group  of  bundles  or  both. 

Channels  1A  through  25  are  "upper"  channels,  and  channels  1  through  12 
arc  "lower"  channels.  Accordingly,  the  selection  of  upper  or  lower 
inputs  to  the  PMTs  corresponds  to  selecting  the  blue-  or  red-shifted  wings 
of  the  Thomson  profile,  respectively.  Although  these  two  wings  should  be 


similar,  high  electron  drift  velocity  [6,7]  and  optical  features  of  the 
spectrometer  can  make  one  wing  of  the  spectrum  broader  or  weaker  than  the 
other.  The  present  design  permits  the  detection  and  quantif ication  of  this 
situation. 

The  lower  and  upper  fiber  bundles  are  attached  to  each  PMT  housing 
at  an  angle  (see  Fig.  7b)  so  the  emerging  cone  of  light  from  the 
paired  bundles  illuminates  the  same  region  of  a  respective  PMT 
photocathode.  Also,  the  housings  are  water-cooled  so  heat  from  the 
dynode  bias  resistors  (about  8  W)  does  not  warm  the  detectors.  In 
addition,  the  housings  were  anodized  black  to  reduce  light  reflections 
and  leaks,  and  are  rack-mountable  for  ease  of  usage  and  storage. 

2.7  Photomultiplier  Tube  Selection 

Tile  photomultiplier  tubes  tnnployed  in  this  system  (Hamamatsu  K‘>2H) 
were  specified  and  selected  for  photocathode  radiant  sensitivity  at 
700  nm  (better  than  40  mAW) ,  photocathode  luminous  sensitivity 
(greater  than  300  A/lm) ,  and  gain  (greater  than  10T  at  1000  V  bias 
voltage) .  Some  of  the  tubes  employed  far  exceed  these  minimum 
specifications  (see  Table  1).  The  PMTs  were  arranged,  using  the  value 
for  photocathode  radiant  sensitivity  reported  by  the  manufacturer,  with 
the  most  sensitive  tubes  at  positions  which  detect  the  far  wings  of  the 
scattering  profile.  With  this  arrangment,  the  weakest  signals  are 
detected  by  the  most  sensitive  tubes. 

The  dynode -bias ing  circuit  was  designed  to  give  the  PMTs  fast-pulse 
response,  and  to  provide  sufficient  charge  to  reduce  saturation 
piohlcm:;.  A  schema!  i c  diagram  ol  this  circuit  is  presented  in  Fig.  8. 

The  increased  voltage  drop  lie! ween  the  photocathode  and  the  first  dynode 
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provides  good  charge  withdrawal  from  the  photocathode  and  improves  the 
tube's  fast-pulse  response.  The  voltage  is  again  tapered  upward  on  the 
last  few  stages  of  the  dynode  chain  to  focus  the  photoelectron  charge 
packet  onto  the  anode  and  to  provide  better  high-current  response. 

2.8  Detection  Electronics 

The  detection  electronics  are  comprised  of  three  modules:  two 
banks  of  eight  gated  integrators,  and  a  microprocessor-controlled 
analog-to-digital  converter  (ADC).  Each  gated- integrator  bank  is  a  rack 
of  eight  commercially  available  gated- integrator  cards  (Model  #  4130A 
Evans  Electronics,  Berkeley,  CA) .  A  few  minor  modifications  have  been 
made  to  render  these  cards  more  suitable  to  the  present  application:  1) 
the  integrating  capacitor  has  been  replaced  with  a  200  pf  polystyrene 
capacitor;  2)  the  input  resistors  on  both  current  inputs  were  replaced 
by  50-ohm  resistors;  3)  the  voltage- input  sections  of  the  cards  were 
disconnected  from  the  summing  point  of  the  integrators  to  eliminate 
errors  produced  by  offsets  and  noise  in  these  unused  input  stages;  4) 
connections  were  added  to  the  inverting  inputs  of  the  final  output 
operational  amplifiers.  This  last  change  allows  the  gains  of  the  output 
amplifiers  to  be  increased  if  desired. 

The  analog-to-digital  converter/integrator-control  module  is  based 
on  a  board- level  6502  microprocessor  that  runs  at  a  clock  frequency  of  2 
MHz  (Model  7510  Cubit  Division,  Proteus  Industries,  Mountain  View,  CA) . 
The  microprocessor  has  control  over  all  functions  on  the  gated 
integrators  and  their  companion  gate -delay  modules  (located  in  the 


control  module). 


The  gate  width  of  the  integrators  can  be  adjusted  under  computer 
control  from  100  ns  to  almost  1  ms  in  100-ns  increments.  Each  of  the 
eight  channels  in  each  of  the  integrator  modules  can  be  switched  under 
computer  control  to  use  any  one  of  four  different  gate  sources.  These 
four  sources  include  signals  produced  by  either  of  two  gate-delay  cards 
(Model  #4145-2,  Evans  Electronics,  Berkeley,  CA) ,  referred  to  below  as 
"gate  A"  and  "gate  B" ,  a  trigger  from  an  external  source,  or  a 
"software"  gate  generated  by  timers  on  the  microprocessor. 

Output  voltages  from  the  gated- integrator  cards  are  digitized  by  a 
16-channel  40-kHz  ADC  module  (model  #  DT5712  Data  Translation  Inc., 
Marlboro,  MA) .  The  microprocessor  has  complete  control  over  this  ADC 
and  can  read  and  store  conversion  data  in  a  48  k  random-access  memory 
buffer.  The  data  can  then  be  transferred  over  a  serial  line  at  10.2 
kbaud  to  a  host  computer.  The  computer  used  in  this  study  to  accept 
data  and  send  control  information  to  the  6502  microprocessor  is  an  IBM 
9000  laboratory  computer  (IBM  Instruments  Inc.,  Danbury,  CT) . 

2 . 9  Other  Hardware 

The  radio -frequency  power  supply  used  to  sustain  the  ICP  is  a 
2.5  kW,  27.12  MHz  generator  (Plasma  Therm  model  HFP  2500).  All  gas 
flows  were  metered  by  a  mass-flow  controller  (Tylan,  Carson,  CA) .  The 
ICP  torch  was  a  demountable  version  of  the  low- flow,  low-power  design 
described  by  REZAAIYAAN  and  HIEFTJE  [8].  The  ruby-laser  head  was 
cooled  with  15°C  deionized  water  from  a  recirculating  cooler  (Neslab 
Model  #  RTE-5B,  Neslab  Instruments  Inc.,  Newington,  NJ). 

The  stray- light  rejection  capability  of  the  instrument  was 
evaluated  with  the  aid  of  a  gas  restrictor  mounted  on  top  of  the  ICP 


torch  (Fig.  9).  This  restrictor  is  used  to  provide  a  pocket  of 
atmospheric -pressure  gas,  and  is  useful  even  with  lighter  gases  such  as 
helium.  The  device  can  be  positioned  to  allow  scattering  signals  to  be 
measured  at  vertical  heights  from  7.5  mm  above  the  load  coil  (ALC)  to  25 
mm  ALC.  It  is  made  of  black  anodized  aluminum  to  reduce  its  effect  on 
the  measured  stray- light  signals  and  has  a  10-mm  gap  around  the  laser 
path  which  provides  clearance  for  the  1.3-mm  laser  beam.  The  restrictor 
is  small  enough  to  contain  a  flowing  gas  stream  and  minimize  infusion  of 
atmospheric  gases. 

Scattering  measurements  with  this  gas  restrictor  were  made  over  a 
range  of  helium  flow  rates  to  determine  the  flow  necessary  to  produce  an 
atmospheric -pressure  helium  pocket  inside  the  restrictor  (Fig.  10). 

The  resulting  curve  is  what  one  would  expect.  As  the  helium  flow  is 
increased,  the  scattering  signal  rapidly  decreases;  the  Rayleigh  cross- 
section  of  helium  is  more  than  50  times  smaller  than  that  of  air,  and 
the  helium  displaces  the  air  in  the  scattering  volume.  At  a  flow  rate 
of  10-12  1/min  helium,  the  scattering  signal  reaches  a  minimum,  and  then 
slowly  increases  at  higher  flow  rates.  This  increase  is  probably  caused 
by  scattering  from  turbulence  that  occurs  at  the  higher  flow  rates. 

The  two  sets  of  flow  conditions  chosen  for  evaluating  stray  light 
in  the  instrumental  system  are  10  1/min  argon  introduced  into  the  outer- 
flow  port  of  the  ICP  torch  and,  secondly,  a  total  of  12  1/min  helium,  10 
1/min  of  which  is  introduced  into  the  outer -flow  port,  and  2  1/min  into 
the  intermediate -flow  port  of  the  ICP  torch.  No  central  flow  was  used 
in  either  case.  Note  that  the  argon  flow  rate  is  not  critical  since  the 
Ray leigh-scattering  cross  section  of  air  is  almost  identical  to  that  oi 


argon,  so  Incomplete  displacement  of  the  air  would  produce  very  little 
error  in  the  scattering  signal. 


3.  SYSTEM  EVALUATION 


3.1  Stray-Light  Rejection 

The  most  important  consideration  in  evaluating  the  instrument 
concerns  its  ability  to  reject  stray  light.  All  sources  of  stray  light 
increase  the  background  received  by  the  detection  optics  and 
monochromator;  this  background  complicates  calibration  and  increases 
noise.  Moreover,  any  monochromator  has  a  finite  contrast  and  will 
spread  some  of  the  light  at  the  laser  wavelength  across  other, 
presumably  Doppler- shifted,  channels. 

Even  in  the  most  carefully  designed  instrument,  Rayleigh  scattering 
from  the  plasma  gases  will  pose  a  theoretical  minimum  to  the  detected 
stray  light  in  a  Thomson- scattering  measurement.  A  comparison  of  the 
instrumental  performance  to  this  theoretical  limit  is,  therefore, 
informative.  If  one  estimates  the  gas  temperature  in  the  plasma  and 
thus  the  argon  number  density  at  atmospheric  pressure,  one  can  determine 
approximately  the  portions  of  the  detected  signal  which  are  due  to 
Rayleigh  scattering  and  to  other  sources  of  stray  light  [4] . 

One  approach  to  making  this  estimate  was  used  to  evaluate  the 
single -channel  instrument  designed  earlier  in  our  laboratory  [4] .  In 
this  approach,  the  signal  obtained  at  the  laser  wavelength  with  the 
plasma  ignited  is  compared  to  the  signal  observed  with  the  plasma  off. 
Because  the  Thomson- scattering  component  at  the  laser  wavelength  can  be 
neglected,  both  signals  are  essentially  comprised  of  Rayleigh  scattering 


and  stray  light;  a  difference  between  the  two  signals  arises  only  from 
reduced  Rayleigh  scattering  at  the  lower  gas  density  in  the  hotter 
plasma.  Because  the  gas  density  difference  can  be  estimated  by  assuming 
a  certain  plasma-gas  temperature,  the  relative  contributions  from  stray 
light  and  Rayleigh  scattering  can  be  calculated. 

If  Son,  Sof;f,  and  Ss  are  the  Rayleigh-scattering  signals  with  the 
1CP  on  and  off,  and  the  stray -light  signal,  respectively,  the  ratio  R 


of  the  signal  when  the  ICP  is  off  to  that  observed  from  a  lighted  plasma 
is 
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where  nDff  and  nDn  aro  c*ie  arB°n  atom  number  densities  at  room 
temperature  and  at  the  plasma  temperature,  respectively.  The  equivalent 
argon  number  density  that  would  yield  a  Rayleigh-scattering  signal  equal 
to  the  stray- light  level  is  denoted  ns.  At  atmospheric  pressure,  the 
argon  number  density  is,  of  course,  inversely  proportional  to  the  gas 
temperature  so  that 
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where  is  room  temperature  (300  K)  and  TQn  is  the  gas  temperature  in 
the  plasma. 

In  the  present  multi-channel  system,  scattering  signals  have  been 
found  to  he  more  than  20  times  lower  from  the  ignited  plasma  than  from 
room- 1  ernpe rat  lire  argon.  This  ratio  would  require  that  the1  plasma 


temperature  be  in  excess  of  6000  K  for  there  to  be  any  stray  light 
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contribution  at  all.  This  high  a  gas  temperature  might  indeed  exist  in 
the  fCP  [9-11].  Nonetheless,  it  is  clear  that  stray  light  in  the  new 
multi-channel  system  is  about  as  low  as  in  the  earlier  single -channel 
version  [4] . 

Of  course,  it  would  be  desirable  to  use  a  method  of  determining 
stray  light  which  is  independent  of  an  assumed  gas  temperature  in  the 
ICP.  One  such  alternative  method  involves  using  two  or  more  gases  with 
different  Rayleigh  scattering  cross-sections.  Again,  the  difference  in 
the  measured  scattering  signals  for  the  various  gases  will  be  due  to  the 
changes  in  the  Rayleigh  component.  The  magnitude  of  the  stray- light 
component  can  then  be  obtained  from  the  negative  x- intercept  of  a  plot 
of  scattering  intensity  vs.  equivalent  argon  pressure  (or  number 
density).  The  units  ol  the  stray-light  component  will  be  the  same  as 
the  ones  used  on  the  gas  pressure  axis.  For  example,  if  measured  total 


(Rayleigh  +  stray- light)  intensity  is  plotted  against  equivalent  argon 
gas  pressure  in  torr,  the  units  of  the  calculated  stray-light  level  will 
be  in  torr  argon.  In  other  words,  the  stray  light  is  then  equivalent  to 
a  Rayleigh-scattering  signal  from  a  specified  pressure  of  argon. 

In  the  present  investigation,  helium  was  chosen  as  the  second  gas. 

A  He  flow  rate  into  the  gas  restrictor  of  12  1/min  was  used  to  maintain 
an  atmosphere  of  helium  in  the  scattering  volume.  For  the  instrument 
described  here,  the  ratio  of  the  scattering  signal  from  argon  to  that 
obtained  with  helium  as  the  scattering  gas  is  usually  between  30-40. 

Tliis  ratio  corresponds  to  an  equivalent  stray- light  level  of  from  13-7 


torr  argon,  respectively.  This  is  an  acceptably  low  stray-light  level, 
and  means  that  the  instrument  should  he  able  to  make  Thomson-sent t or i ng 
measurements  without  significant  problems  with  stray  light.  In 


it 
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addition,  this  value  is  similar  to  the  14-torr  argon  stray-light  level 
measured  for  the  single -channel  system  with  an  assumed  6000  K  plasma  gas 
temperature.  Variations  in  the  measured  stray- light  component  in  the 
new  multi-channel  system  seem  to  be  related  to  system  alignment;  when 
the  scattering  system  is  in  good  alignment,  the  stray- light  level  is 
low. 


In  an  atmospheric -pressure  plasma  with  a  6000  K  gas  temperature, 
the  Rayleigh-scattering  signal  is  equivalent  to  that  from  a  room- 
temperature  argon  gas  pressure  of  38  torr.  Therefore,  the  stray  light 
from  sources  other  than  Rayleigh  scattering  is  about  25-30%  of  the 
Rayleigh  contribution.  Experience  with  the  multi-channel  system 
indicates  that  the  first  Doppler-shifted  channel  receives  a  stray-light 
component  of  about  1/I000th  the  intensity  of  the  channel  at  the  laser 
wavelength  (the  Rayleigh  channel).  In  addition,  the  magnitude  of  the 
Thomson- scattering  signal  in  the  first  shifted  channel  is  expected  to  he 
about  1-5%  of  the  intensity  of  the  Rayleigh  channel.  Therefore,  the 
total  stray-light  contribution  to  the  Thomson- scattering  signal  of  this 
first  channel  is  between  2-10%  of  the  signal. 

All  other  Doppler-shifted  channels  receive  far  less  stray  light 
than  the  first  shifted  channel.  The  stray-light  level  found  in  the 
multi-channel  system  is  therefore  low,  and  the  system  is  capable  of 
providing  Thomson- scattering  measurements  without  significant  errors 
caused  by  stray  light.  Moreover,  the  residual  stray- light  contribution 
can  be  and  has  been  subtracted  from  the  Thomson-scattering  data.  The  stray- 
light  spectrum  obtained  from  Rayleigh  scattering  in  room- temperature  argon 
has  been  plotted  in  Fig.  11  on  the  same  scale  used  to  display  the  Thomson- 
scattering  data  presented  later  in  Fig.  13.  Comparing  these  plots,  one  can 


conclude  that  the  stray-light  contribution  to  the  Thomson  data  is  small. 

Also,  one  notes  from  Fig.  11  that  the  instrumental  bandwidth  should  not 
contribute  appreciably  to  a  measured  Thomson- scattering  spectrum. 

3.2  System  Calibration 

Probably  the  most  difficult  problem  that  is  faced  in  using  the 
multi-channel  system  is  compensation  for  channel-to-channel  variations. 
Unless  the  relative  channel  responses  are  normalized,  the  resulting 
Thomson-scattering  spectra  are  almost  meaningless  (see  Fig.  12). 

The  preferred  approach  to  normalizing  the  channels  would  be  to 
monitor  simultaneously  a  spectrally  flat  emission  source  that,  has  the 
same  temporal  profile  as  the  ruby  laser.  The  relative  responses  of  all 
channels  could  then  easily  be  deduced.  Unfortunately,  a  pulsed  source 
(25  ns)  with  a  flat  response  over  the  wavelength  range  of  interest  (600- 
700  nm)  is  not  readily  available,  and  a  DC  source  does  not  provide 
accurate  relative-response  data  since  the  temporal  response  of  the 
individual  PMTs  probably  differs  substantially. 

A  red,  pulsed  light-emitting  diode  (LED)  (Toshiba  Electronics 
Manf.)  has  been  used  here  for  channel  normalization.  This  diode  has  a 
broad  (>  100  nm)  emission  band  centered  at  700  nm  and  with  the  driving 
circuit  used  it  produces  a  minimum  pulse  width  of  about  400  ns,  about  16 
times  longer  than  the  ruby  laser  pulse.  The  LED  is  positioned  above  the 
second  concave  (focusing)  mirror  in  the  Czerny-Turner  spectrometer  and 
illuminates  the  fiber-optic  array  directly;  consequently,  the  breadth  of  its 
emission  band  is  important  only  insofar  as  it  affects  the  different 
wavelength  response  of  individual  photodetectors.  Normalization  performed 
with  this  LED  appears  to  be  reliable.  Table  2  lists  typical  normalization 


23 


factors,  and  Fig.  13  shows  the  effect  of  the  normalization  on  the  data  of 
Fig.  12. 

3.3  Thomson- scattering  Spectra 

Figure  13  is  a  normalized  Thomson- scattering  spectrum  obtained  with 
the  new  multi-channel  scattering  instrument.  It  was  obtained  from  an 
875  watt  ICP  at  5  mm  above  the  load  coil  (ALC)  and  3  mm  off  axis. 

Because  the  spectrum  is  symmetrical,  only  one  half  of  it  need  be 
displayed.  The  intensities  on  the  ordinate  are  actually  scattering 
ratios  (i.e.  the  scattering  signal  is  ratioed  to  the  laser  power).  The 
spectrum  is  displayed  as  a  histogram  because  the  fiber-optic  array 
separates  the  scattering  signal  into  individual  wavelength  segments.  Also, 
because  the  array  has  a  spacer  between  each  pair  of  its  channels,  there  are 
gaps  in  the  scattering  spectrum. 

As  mentioned  earlier,  under  the  proper  plasma  and  instrumental 
conditions,  the  Thomson- scattering  spectrum  should  be  Gaussian  in  shape. 

The  curve  drawn  over  the  data  histogram  in  Fig.  13  is  the  calculated 
Thomson-scattering  spectrum  corresponding  to  a  plasma  with  a  9100  K 
(0./9  eV)  electron  temperature  and  an  electron  number  density  of 
1.1  x  10ls  cm"3.  Although  the  fit  is  not  perfect,  it  appears  that  the 
experimental  spectrum  has  a  Gaussian  shape. 

The  relative  standard  deviation  (RSD)  of  the  data  displayed  in 
Fig.  13  ranges  from  about  10%  in  the  high- intensity  center  channels  to 
more  than  100%  in  the  weaker  wings  of  the  scattering  spectrum.  These 
deviations  were  obtained  from  10  separate  measurements.  Unfortunately, 


the  large  variation  in  signals  obtained  in  the  weaker  protions  of  the 
scattering  spectrum  complicate  data  analysis.  Electron  concentrations 


calculated  from  such  a  spectrum  are  fairly  reliable  since  they  are 
computed  from  the  area  under  the  curve,  and  the  wings  of  the  spectrum 
(where  the  largest  variations  occur)  do  not  greatly  affect  the  values. 

In  contrast,  electron  temperatures  are  determined  by  the  width  and  shape 
of  the  Gaussian  curve,  and  are  strongly  affected  by  the  points  in  the 
wings.  Temperatures  calculated  from  these  data  are  therefore  not  yet 
as  reliable  as  desired. 

The  limiting  noise  in  the  present  system  seems  to  be  statistical  or 
quantum  noise.  From  the  voltages  measured  by  the  ADC,  the  charge 
retained  on  the  200-pf  integrating  capacitors  has  been  calculated.  From 
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this  value,  and  an  assumed  PMT  gain  of  10  ,  it  is  estimated  that  60 
photons  produced  the  signals  represented  by  the  larger  histogram  bars  in 
Fig.  13.  The  theoretical  RSD  for  such  a  signal  is  13%,  similar  to  the 
standard  deviations  observed. 

For  the  signals  in  the  wings  ol  the.  spectrum,  instrumental 
variations  are  probably  important  also.  The  estimated  number  of  photons 
that  produces  these  smaller  signals  is  very  low  (about  4  photons),  and 
the  theoretical  RSD  should  be  about  50%.  The  measured  RSD  in  excess  of 
100%  might  be  produced  by  variations  in  the  plasma,  in  the  measuring 
instrument,  or  by  the  inherent  uncertainty  in  a  standard  deviation.  At  those 
low-signal  levels,  switching  and  leakage  currents  in  the  integrator 
circuits  could  easily  account  for  the  observed  variation.  It  is 
important  that  any  significant  increase  in  the  number  of  photon  events 
would  greatly  reduce  those  uncertainties.  Such  an  increase  would 
probably  result  I  torn  the  use  oi  a  higher -power,  more  conventional  Id’ 


wh  i  eh  i s  known  t  o  po 


a  higher  electron  number  density  | ’» |  than  the 
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plasma  employed  here  [8],  Future  work  will  involve  the  examination  of 
such  a  source . 

4.  Conclusion 

The  new  multichannel  Thomson-scattering  is  capable  of  providing 
adequate  resolution,  low  stray  light,  and  nearly  photon- 1 imi ted  spectra.  As 
a  result,  the  instrument  provides  reliable  values  for  electron 
concentrations,  which  are  proportional  to  the  integrated  spectrum  and 
therefore  depend  most  strongly  on  strong  and  therefore  precise  intensities 
that  are  in  the  center  of  the  spectrum.  In  contrast,  computer  electron 
temperatures  rely  most  heavily  on  less  intense  and  less  precise  intensity 
values  on  the  wings  of  the  scattering  spectrum.  Therefore,  electron 
temperatures  reported  here  must  be  considered  to  be  only  approximate. 

Another  factor  which  limits  reliability  of  the  reported  values  is  the 
difficulty  encountered  in  normalization  of  individual  channels  in  the  new 
instrument.  We  are  not  yet  confident  that  the  light-emitting  diode  employed 
here  provides  a  sufficiently  precise  or  reliable  calibration.  Unequal 
illumination  of  various  channels  by  light  scattered  within  the  spectrometer 
might  produce  a  normalization  factor  that  differs  from  that  which  would  be 
appropriate  for  light  that  entered  the  spectrometer  in  a  conventional 
manner . 

In  the  future,  these  problems  will  be  alleviated  by  the  use  of  an 


alternative  laser  source  and  adoption  of  a  new  normalization  procedure, 
because  measured  values  on  the  wings  of  the  Thomson-scattering  spectrum  are 
curicnlly  limited  bv  photon  statistics,  we  will  incorporate  a  rapidly  pulsn 
f  ,'t)  II.-)  Nd.VAt.  1  use  i  into  the  system.  because  the  average  light  llux  I  i  om 
this  new  soui  re  is  l.u  giealei  I  li.ui  is  avail. ihle  I  com  the  em  lent  nihv 


laser,  signal  magnitudes  and  precision  should  improve  accordingly.  In 
addition,  we  will  substitute  for  the  LED-based  normalization  approach  and 
externally  driven  continuum  lamp  which  will  be  "gated"  by  the  rotating 


mirror  already  present  in  the  instrument.  It  is  anticipated  that  this 
normalization  method  will  approach  more  closely  conditions  that  are 
experienced  by  real  Thomson-scattered  radiation.  Finally,  we  intend  to 
improve  signal-to-noise  ratios  through  use  of  a  photodetector-gating  scheme. 
Such  an  approach  will  enable  each  photomultiplier  to  experience  background 
radiation  from  the  ICP  for  a  much  shorter  period  of  time  and  should  improve 
photodetector  linearity,  reduced  fatigue,  and  minimized  detected  background . 
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Table  2 


Typical  Multi-Channel  Normalization  Factors 
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The  14th  A/D  integrator  channel  is  presently  used 
monitor  the  laser  power  photodiode. 
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Figure  1. 


Figure  2. 


Figure  3. 


Block  diagram  of  the  entire  multi-channel  Thomson- 
scattering  apparatus.  Alphabetically  labeled  components 


A)  the  laser  focusing  lenses  and  pinhole  aperture, 

B)  the  first  beam- stop  box, 

C)  the  torch  housing  and  impedance -matching  box  on  the  x-z 
translation  stage, 

D)  the  second  beam- stop  box, 

E)  the  first  beam  dump  (in  which  the  photodiode  to 
monitor  the  laser  power  is  mounted) , 

F)  the  second  Brewster's  angle  beam  dump, 

G)  the  camera  shutter,  And 

H)  the  fiber-optic  array  and  output  pigtails. 


Cut-away  drawing  of  the  rotating-rairror  assembly.  The 
baffling  of  the  mirror  container  between  the  upper 
(timing)  section  and  lower  (signal)  section  is  apparent. 


Timing  diagram  of  the  laser-firing  and  signal -integration 
sequence.  Note  that  both  a  signal  (Fi)  and  ICP 
background  (F2)  integration  are  performed. 


Figure  4. 


Timing  circuit  which  controls  the  laer-firing  and  signal- 
integration  sequence.  See  text  for  details. 


Figure  5. 


Figure  6. 


Figure  /. 


Figure  8. 


25-channel  fiber-optic  array.  Each  channel  is  5-mm  high 
by  2-mm  wide;  a  0.5-mm  spacer  is  located  between  each 
pair  of  channels.  Each  channel  accepts  approximately  a 
0.36  nm  window  of  the  Thomson- scattering  spectrum. 
Adjacent  channels  are  separated  by  about  0.45  nm. 

Depiction  of  how  a  hypothetical  Thomson-scattering 
spectrum  falls  on  the  fiber-optic  array.  A  wavelength 
axis  is  supplied  to  clarify  the  wavelength  coverage  of 
the  array. 

Drawing  of  one  of  the  two  seven-channel  photomultiplier 
tube  housings.  Part  a  of  this  figure  is  a  front  view 
and  part  b  is  a  side  view. 

The  dynode-biasing  circuit  used  for  each  PMT  where 
R1  -  49.9  kfl,  R2  and  RIO  -  200  kfl, 

R3-R9  -  100  kfl,  Rll  -  300  kO,  C1-C3  -  0.1  /if,  K  is  the 
photocathode,  A  is  the  anode,  and  DyN  is  dynode  number  N. 

Oas  restrictor  which  when  mounted  on  top  of  the  1CP 
torch  is  used  to  provide  a  pocket  of  gas  for  Rayleigh 
scattering  measurements  of  room- temperature  gases.  It  is 
needed  particularly  for  lighter  gases  such  as  helium. 


Figure  10. 


Effect  of  the  flow  rate  of  helium  into  the  gas  restrictor 
on  measured  Rayleigh- scattering  intensity.  At  helium 
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flow  rates  above  5  1/min  atmospheric  gases  appear  to  be 
displaced  entirely  from  the  probe  volume. 


Figure  11.  A  plot  of  the  Rayleigh-scattering  (background)  intensities 
from  room- temperature  argon.  Note  that  the  signals  have 
been  scaled  to  correspond  to  that  used  in  Figure  13;  a 
comparison  of  these  two  figures  shows  the  relative 
contribution  of  Rayleigh  scattering  to  the  Thomson- 
scattering  spectum. 


Figure  12.  Raw  (non-normalized)  Thomson- scattering  data.  Here  and  in 
the  spectrum  of  Fig.  13,  the  channel  shifted  approximately 
3  nm  from  the  incident  laser  line  appears  to  be  zero  because 
it  lies  at  a  strong  argon  emission  wavelength.  As  a 
consequence,  the  channel  is  saturated  during  both  signal 
(Thomson)  and  background  measurements  and  is  reduced  to  zero 
during  background  subtraction. 
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Figure  13.  Spectrum  of  the  same  data  shown  in  Figure  12  after 

normalization.  These  data  were  obtained  from  an  875-watt 
plasma  at  5  mm  ALC  and  3  mm  off  axis.  The  curve  drawn 
over  this  histogram  is  a  calculated  scattering  spectrum 
for  a  0.79  eV  electron  temperature  and  a  1.1  x  10’ h  cm  ' 
electron  concentration. 
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